We plan to increase the peak luminosity of the Cornell Electron Storage Ring by providing tighter vertical focussing at the interaction points. The final focussing devices will be large permanent magnet quadrupoles operating inside the 10-15 kG solenoidal field of the experimental detector.
Introduction
As part of a luminosity upgrade program at the Cornell Electron Storage Ring (CESR) we are building large permanent magnet quadrupoles with 10 cm bore, 120 cm length, and 7.5 kG pole-tip field. They will operate inside the 10-15 kG field of the CLEO detector solenoid, permitting tighter vertical focussing of the beam without an increase in vertical chromaticity. It is possible to use aligned Rare Earth Cobalt (REC) material for this application because of its extreme resistance to demagnetization by fields perpendicular to the preferred direction of magnetization, or "easy axis". In addition, because of the limited energy range over which CESR is operated an adjacent electrically powered quadrupole may be used to compensate the decrease in focussing strength of the REC quadrupole as the beam energy is raised. [1] Requirements on field quality and stability in interaction region quadrupoles are especially severe. Our design goal has been for multipole fields to be no greater than several parts in 10 of the quadrupole field at 4 cm (80% of pole-tip radius), which is the maximum radius not shadowed by other apertures in the machine. The problem has been to establish whether this field quality can be achieved with commercially available REC magnets and whether it will be stable during extended exposure to the 10-15 kG solenoidal field. This report describes measurements on Co 5Sm magnets from several manufacturers and on a prototype 16 segment quadrupole.
The quadrupoles are built according to Halbach's prescription for segmented REC quads (Fig. 1 Once one is interested in effects at the percent level, however, all of the familiar complications of magnetic material, such as hysteresis, reappear. We will present our results as a sort of user's guide to these complications. 
II. Self-Induced Multipoles
The field of the magnets acting on their own nonunity permeability induces higher multipole moments. This is easily seen in Fig. 1 ; the field of the quadrupole enhances the magnetization of segments with radial easy axis orientation and depresses it for those with tangential orientation. This turns out to result in a dodecapole moment at the 1/2% level.
Both effects I and II are easily compensated by the magnetic tuning procedure suggested by Halbach in which small motions of the magnet blocks are used to null the measured multipole moments. [3] For the 16 segment quadrupole, using only radial motion of the segments, it is easy to construct a set of orthogonal vectors which give independent control of all multipoles from n=3 (sextupole) through n=10 even. Figure 3 For inner radius much less than outer some, material will be pushed far into the third quadrant of the BH plane.
Under these conditions some demagnetization will occur. Figure 4a shows the demagnetization for test pieces exposed to poH = -10 kG, as measured before and after with a Helmholtz coil. The typical loss of magnetization is 3-6% and one piece falls by 50%. This demagnetization can obviously be compensated by tuning but stability problems, discussed below, may remain. The problem can be minimized by requiring high coercivity, however, this is not trivial since coercivity is the most difficult property to control during production of the magnets. Figure   4b shows the demagnetization of pieces exposed to 15 kG, again measured before and after with a Helmholtz coil. The decrease is 0-1%. This may be qualitatively understood by realizing that the alignment of grains in the REC material is far from ideal, with many grains 15 or 200 away from the average easy axis.
These grains will contribute to the magnetization along the easy axis but will also see a substantial component of a transverse field, so that low coercivity grains may be reversed.
A series of tests was performed in which the prototype quadrupole was exposed to transverse fields of 10-15 kG, with multipole content measured before and after each exposure using the rotating coil. During assembly of such quadrupoles (and exposure to high transverse fields) changes in local magnetization will occur at the several percent level so an iterative procedure of assembly, exposure, and tuning of multipole content is desirable for achieving best field quality and stability. Special attention should be given to the coercive properties of the REC material over the range of operating points it will experience in service.
